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ABSTRACT 
' 
The ef feet of austenitic grain size on microcracking of 
martensite in an Fe-l.22C alloy and a 52100 connnercial bearing 
alloy has been investi~a~ed. Austenitic grain s'izes of ASTM No. 9 
and coarser were produced in the -Fe-l.22C alloy a\ustenitized by 
iDDDers ion in molten lead at 1640°F (893°C), a temperature just 
above the Acm for this allqy, for periods between 20 sec.·-and 
l· hour. Austenitic grain s'izes of ASTM No. 11.5 and coarser were.· 
produced· in the 52100 alloy austenitized in evacuated vycor cap-
.. . '* ' 
...... . - --·· ··-- . - ·- , ...... ~· ;. .... 
.-
,_ - .· - '-, 
" .. 
; ' ' 
, I . 
sules at temperatures between 1550°F (843 °C) and 2100°F (114_9°C) __ . -------~--- ______ .. 
, ,I 
) 
for periods between 20 minutes and 24 hours. Microcracking 
sensitivity, Sv, measured as crack area/unit volume martensite, 
·-
w4s determined as a function of grain size in specimens as-quenched 
to room temperature. Two locations of microcracks were observed in 
this investigation: 1) intragranular, resulting from the impinge-
ment of one mar~ensite plate with another, and 2) grain boundary or 
,, 
intergranular,. resulting from the impingement of martensite plate,s 
n: 
at prior austenite grain boundaries. Int~granular microcracking 
sensitivity, the subject of previous investigations, increased and 
became the dominant type of cracking with increasing grain size. 
The intragranular microcracking sensitivity of the Fe-1.22C alloy 
increased more rapidly and reached a maximum value at a finer grain 
size than the 52100 alloyo Total microcracking sensitivity, con-
1 
,. 
" 
,. 
~-,, 
J 
-.. 
•. 
.. 
,, 
,, ' 
•' 
. 'I 
\ 
c 
. :- . / ". 
' :~ 
. ' ·-.~ .. 
. ' . 
. . 
'•, 
' . 
. ;:: . 
, ,. ' 
'·' 
slating of bot-h. intragranular and grain. boundary microcracks, also 
increased with increasing ·grain size, then decreased to approach 
the intragranular value of the coarsest grain sizes. On the other 
end of the scale, grain boundary microcracking made up a much larger 
.proportion of the tot_al microcracking in the fine grained specimens. 
• 
. .,; .. 
'!f 
·- -. ··- - ---,------------····· -•--, .... -. --- .•. ·---·,«.·-. 
. . . .. :• . 
' 
I 
.• 
.t 
·, 
- r 
•. 
.'. ., . ~ 
. •. I-
'. . 
• 
.. 
.~ ... .., . 
1 
·• 
• r 
• 
,, --,, e' 
.. 
" . ii .• -
. 
. ' .. 
• • _-j ;. .......... ' 
' .. 
·' 
-·-··- .;. ~ ~- _..-,-;.-:. -
-~ . 
_, .. 
• 
-·~ ··---
; . '-
• L •. o 
, C; .~ • • 
.: 'l. 
. ~ .. 
2 
·I ....... 
: • .. ' 
... : •. 
-.... 
• .- • .. • ·, -, _- ··- - ... r- ...... •· -
~ . ·.,- ' 
-· .. 
' ~ .. ' .=- J 
. . 
-.. 
·-- •. . . 
... 
·, ".'. 
. 
f. " ' 
' ' .- .. 
. I 
I• ' 
-
I~\ .,.I 
' •. I< 
~. - . " .. 
: ' 
' :·: ·. - : .- . ' 
' . 
• - - < 
' 
" 
. ,_,_ - ...... ' ... ' 
: - . ' ' .' ,' -
. ". - '._, 
.. ' .... ',. 
·.' .... 
. • •-1. 
. , ' 
. ) . 
. 
'' ' 
... . ' .... , 
, ' ', • , - ., ,r -...~ ~ 
i . 
1-
( . 
.. 
. . 
: . ' ·, ' 
• 0 • C "', o ' 
,, •• l 
. - .... 
.. ··"'.·, 
'. ,· . ' .,. 
. . 
' . 
- ' : :. 
\ 
' 
. . 
,._, '\-'"~ 
' ' . ' I· 
• ; I 
,. j' 
u-'' 
.. 
. , 
INTRODUCTION 
. 1 
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,., . 
. . ' 
,' ' .. '" ,•. 
' < ,• ,-•·•L, 
•. 
-~ 
. . " .. 
. . . 
Since Rawdon and Epstein first reported minute cracks in the· 
mar.tensite needles of quenched high carbon steels, many ~nvestiga-. _ 
tions have been 'performed to explain the nature of these micro-
2-4 
cracks and/or to determine the effects of various parameters 
on the degree of microcracking in several high carbon iron alloys. 
5-9 6,.7 7 
Austenite grain size, severity of quench, retained austenite, 
6,10,11 
carbon in solution," and other alloying additions have all been 
. ' 
investigated. It has now been established that microcracks are in-
' 
deed an inherent characteristic of Fe-C plate martensites, and may 
adversely effect toughness and fatigue resistance. Carbon in 
· .solution and prior austenite grain size appear to be. the inajor f~c-
.. tors that significantly effect microcracking. Further investigation 
of techniques for controlling and eliminating microcracks in high 
carbon alloys is encouraged by today's increasing emphasis on high 
strength materials. 
12 
Marder and Benscoter showed -that microcracking in Fe-C acicu-
lar martensite results from the impingement of plates, and that the 
tetragonality induced by the interstitial carbon atoms makes these 
martensite plates susceptible to microcracking. Mendiratta, Sasser 
10 
and Krauss later showed that the amount of carbon in solution in 
the austenite significantly affected the degree of microcracking for 
coarse grained specimens of an Fe-lo39C alloy, when austenitized at 
various temperatures within the two phase austenite-cementite field. 
Their observation of a decreasing degree of microcracking with a 
3 
., 
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reduction of the percent carbon in solution was attributed to a 
morphological transition from the characteristic high carbon micro-
. 
structure of non-parallel plates with a wide range of sizes, to a 
lath type microstructure·of well aligned martensitic units character-
13 
istic of low carbon martensites. The morphology change from plate 
to lath martens ite reduced the number of plate impingements, and was 
accompanied by a reduction in the tetragonality of the martensite, 
both of which cont"ribute to a reduction in the degree of micro-
3 
cracking. 
Austenitic grain size, the other critical parameter influencing 
microcracking, is important in that it limits the size of the marten-
site plates that develop during the austenite to martensite trans-
11 
• formation. The martensite plate length and/or the average volume 
of a martensite plate 
of microcracking. 
14 
in turn has been shown to affect the extent 
5 
Davenport, Roff and Bain were among the~ .. ,.first to document an 
increase in the prevalence of microcracks with increasing austenite 
grain size. Their results showed a continuous increase in the total 
crack length per unit area with increasing grain size for an as-
quenched 0.94 pct C alloy with grain sizes ASTM No. 7 to 2. Daven-
5 
port, et al. showed that the rate of increase in microcracking 
decreases with increasing grain size, and Marder, Benscoter and 
6 
Krauss showed there was no change .in the microcracking of an Fe- l.39C 
alloy w~th austenite grain sizes ASTM No. 4 and coarser. 
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Rauch and Thurtle have shown that the frequency of microcracks 
in carburized aluminum-treated fine grained steels with austenitic 
8 
.• 
grain sizes ·ASTM Nos. 7 a_nd 8 is' very low, but Jena a·nd Heich also 
working with a carburized steel, AISI 8620, showed no correlation of 
··-.., .. -
the number of microcracks with grain size although the tot~l length 
of cracks per unit area was greater in c~arse grained specimens. 
9· 
Apple and Krauss confirmed that microcracking was present even in a 
carburized 8620 steel with extremely fine grain size but at a signif-
icantly reduced level compared .to a coarse grain condition and with 
a distribution that was not at all detrimental to fatigue life. 
The purpose of this investigation was to explore systematically 
the relationship of microcracking to austenitic grain size, particu-
,, 
larly in the f~ne grain range below ASTM No. 4. To this end, heat 
d 
treatments and metallographic techniques were developed to produce 
a~d reveal a wide range of austenitic grain sizes in an Fe-1.22C 
alloy and a 52100 conunercial bearing steel. Both alloys form plate 
martensite susceptible to microcracking and have been used in previ-
. 2,3,6 
ous investigations. 
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EXPERIMENTAL PROCEDURE 
- The compositions of the two alloys used in this investigation 
are given in Table I. Samples of the Fe-1.22C a.lloy, 19 mm x 19 mm 
x 2.5 nnn, were initially austenitized in salt at 1725°F (940°C) for 
30 minutes, followed by quenching in salt to 575°F (302°C) and 
holding for 1 hour to produce the bainitic structure shown in Figure 
la. 52100 samples, 7 mm x 10 nm x 2·.54 mm, were initially homogenized 
at 2200°F (1204°C) in evacuated quartz capsules for at least 45 hours, 
isothermally transformed at 1200°F (649°C) for 2 hours, reaustenitized 
at 1800°F (982°C) for 1 hour and again isothermally transformed at 
1200°F for 2 hours. This heat treating sequence produced the fine 
pearlite structure shown in Figure lb. 
The bainitic structure of the Fe-1.22C alloy with its uniform 
· distribution of fine carbides was found to be essential in promoting 
uniform austenitization and carbide solution on rapid heating for 
' 
short periods of time. The pearlite microstructure of the 52100 
samples was the finest ferrite-carbi4e microstrµcture that could be 
produced in reasonable time; the isothermal formation of bainite at 
~ 
650°F was found to take over 90 hours. Another important· 'reason for 
starting with the bainitic and pearlitic microstructures was the 
absence of microcracks that if present might not heal during short 
time austenitizing and would produce errors in the microcrack data 
.. 
) 
.. ,,, 
. . -· - - . -- :._ .. 
obtain~d in as-quenched martensitic structures. 
Austenitizing for grain size .control of the Fe-l.22C alloy 
. 
consisted of heating samples by innnersion in molten lead to 1640°F 
~ •. 
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Designation 
Fe-l.22C 
52100 
~.' 
C Mn p 
TABLE I 
Chemical Analysis of Alloys 
(~eight percent) 
s Si Ni . Cr Mo Cu V Al Sn Ti , 
1.22 0.01 0.002 ~.003 0.01 0.02 0.01 0.002 0.001 0.002 0.005 0.002 0.001 
0.99 0.40 0.014 0.017 0.80 0.27 1.54 0.06 0.09 - 0.024 - -
I 
~; 
... , . ····------· .. ·-·-,. 
I -
(893°C), a temperature just above the Acm for this alloy, for· 
periods between 20 seconds and 1 hour. Samples heated for peri9ds 
shorter than 2 minutes, to obtain austenite grain sizes ASTM No. 7, 
8, 9, were quenched_ in 10% NaCt, 2% NaOH solution to 68°F (20°C) 
while samples with coarser grain sizes were quenched in a 5% NaCt 
1 
solution to 68°F. The more severe quench of the fine-g·rain speci-
mens was necessary to offset the decreased hardenability that ac-
companied the fine grain size. Heating rates were determined by 
implanting a thermocouple made from 0.003" chromel and alumel wires 
shielded by silica quartz tubing, at the center of the samples. A 
Honeywell str_ip chart recorder with a full scale response time of 
1/2 sec was used to record the heating_ cycles, and the heating rates 
were measured as·the linear slope between 475°F (246°C, 10 mv) and 
1116°F (602°C, 25 mv). Figure 2 shows the heating cycle for a short 
t~me treatment. 
Grain refinement of the 52100 alloy was achieved by aust~n-
itizing at higher temperatures and for longer perio:ls of time, than 
for the Fe-1.22C alloy, due to the alloying elements of the 52100 · 
which alter the recrystallization and grain growth characteristics 
. . 
of this alloy relative to a high purity Fe-C alloy. Austenitizing 
for grain size control consiste~ of heating sa~ples in evacuated 
vycor capsules at te~peratures between 1550°F (843°C) and 2100°F -
(1149°C) for periods from 20 minutes to 24 hour-s followed by an oil 
quench to room temperature •. 
All samples were ·cold mounted in a plaetic mounting material, 
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.1 
ground to their mid-thickness and rough hand polished ~hrough No. 
600 grit wet paper, followed by successive polishing on 6 and 1 ~m 
diamond and 0.03 and 0.06 ~m alumina. Ultrasonic cleaning to re-
move foreign particles, and etching in 1% nital for 10 sec to re-
mlve disturbed metal was also performed after each of the diamond 
polishing steps. 
15 
The following procedure was emp·loyed to reveal the prior 
austenite ·grain boundaries, and to distinguish the intragranular 
microcracks from grain boundary microcracks. Each sample was 
placed in a boiling solution at 25 g NaOH, 2 g picric aciQ, and 
100 ml H20. Fe-1.22C samples required 15 minutes while the 52100 
samples required only2 minutes in this solution. This treatment 
conditions the prior austenite grain boundaries that·are then re-
vealed in good contrast to tle matrix by a light etch in 1% nital 
. 
of approximately 5-10 seconds. In order for the grain boundary 
etch to be effective in these alloys, as-quenche_d martensite was 
the necessary starting microstructure. 
16 
~antitative metallography defines interface area per unit 
volume, mm.2 /1JJD13 as Sv = 2 NL, where NL = average number of·· inter-
¢ 
sections with a planar feature per unit ·1ength of traverse. In this 
+ case, Sv is microcrack area/unit volume martensite and NL is the 
average number of intersections with microcracks per unit length of 
I 
/ 
traverse. Each reported value represents the average of twenty 
... 
random traverses on the Fe-l.22C samples, and ten random traverse~ 
on the 52100 ~amples, each 2~54 mm long. Grains ize was also deter~ 
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mined by lineal analysis with each mean grain diameter value repre-
senting the average of ten random traverse·s, each 2 .54 nun long. 
All Sv and mean grain diameter values were obtained on a Balphot II 
metallograph operated at lOOOX magnification for microcrack data 
. 
and 500X magnification for grain size data. Uie volume percent un-
dissolved carbide, present in the finer grain size specimens of 
both alloys, was evaluated by staining the. Fe-1.22 C samples in 
the Na·OH boiling solution noted above for 10 minutes, while the 
·52100 samples were etched in 1% nital for 10 seconds. A 9 point 
grid was superimposed on 200 fields of view at lOOOX magnification 
J on a Balphot II metallograph. 
. . . . 
I : ' ,",._.. ' 
Quantitative determination of the percent martensite was made 
17 
on the as-quenched samples by an X-ray diffraction technique. 
I 
The average integrated intensity of the (220) and (311) austenite 
> 
peaks, Ia, was compared with the integrated intensity of the (211) 
1 
martensite peak, Im, and the volume fraction of austenite calculated 
by the equation 
1. 35 Ia 
Va = l • 35 Ia + Im 
18 
where 1.35 is the theoretical ratio of the integrated intensity 
of the martensite peak to the average value for the two austenite 
peaks for an equal amount of the two phases. X-ray diffraction 
traces were made on a Siemens X-ray diffractometer with a molybdenum 
target and· a ···rp:tat··:tti"g·······arfd"·"···osc i llat'"fng spe·c imen holder t~ minimize 
•.. 
preferred orientation effects in the coarse gr~in samples. 
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,shows an X-ray diffraction trace for an Fe-l.22C sample. 
Transmission el
1
ectron microscopy was used to characterize 
'. 
the fine structure and ·morphology of the martensite in the fine 
grain samples. Thin foils were made by cutting 0.125" diameter 
discs 0.024" thick from bulk samples with a Servomet EDM machine, 
followed by hand polishing through No. 600 grit wet paper to 
0.003" thickness. The EDM unit with a slightly rounded solid 
copper electrode was then used to indent the discs approximately 
0.001" on one side. The specimens were then electropolished in a. 
jet thinning apparatus with an~lectrolyte of 798 ml acetic acid, 
150 g Cr03 and 42 g H20 at 30 volts. Examination was performed on 
a Philips 300 Electron Microscope at 100 kv. 
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RESULTS AND'DISCUSSION 
. , . 
; I. Fe-l.22%C Alloy 
A. Microstructural Characterization 
Fe-1.22C samples were austenitized in molten lead at 
1640°F {893°C) for periods of 5, B, 10, and 15 seconds followed by 
a brine quench to room temperature to investigate the mechanism of 
austenitization in the Fe-l.22C alloy. Figure 4 is a sequence of 
photomicrographs showing this mechanism. The light etching regions 
in each micros,tru,c;~ure are untempered martensite. Figure 4(a) 
shows new austenitic grains which have nucleated primarily at the 
prior austenite grain boundaries of the lower bainite microstructure. 
Figure 4(b) shows an almost completely austenitized microstructure 
with some undissolved carbides now visible in the new austenite 
grains. In Figure .4(c) complete austenitization has occurred, but 
tqe undissolved carbides still remain in patterns that outline the 
prior bainitic plates. Finally in Figure 4(d) the carbides have 
become clustered and all evidence of the initial structure has been 
dissolved. Further heating at the austenitizing temperature results 
in dissolution of the undisso~ved carbides and austenitic grain 
. 
growth ,as i$ shown in Figure._s Sa, -~a, 7a and discussed below. 
All quenched specimens of this investigation contained 
-------mixtures of _plat_e_ m.-~~l."t~P.$.~~-~ .. anfj retained austenite •. Three. repr~~----
sentative sets of light micrographs spanning the range of grain 
sizes produced with the Fe-1. 22C alloy are presented in Figures 5 · 
,through 7. One microstructure in each set was etched to emphasize· 
12 
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the prior austenitic grain structure·while the other was etched to 
reveal the martensite plates and retained austenite. 
The specimens with the finest austenitic grain sizes, AS'l'M 
Nos. 7, B, and 9, always contained some undissolved carbides. Fig-
ure 7(a) shows clusters of these fine carbides that have been stained 
black by the etching procedure used to reveal the austenitic grain 
boundaries. The carbides for the most part appear to be independent 
of the austenite grain boundaries and do not appear to offer effec-· 
tive restraints to austenitic grain growth. 
Although the presence of the undissolved carbides reflects 
a lower amount of carbon in solution in the parent austenite of the 
fine-grained specimens., the martensite morphology is still character-
istic of plate martensite, i.e., adjacent plates still make· large 
a , 
angles with each other and· except for where the plates impinge, 
triangular patches of retained austenite separate the units of 
' . 
_) 
martensite. Figure 8 shows the volume percent Fe3C present as a 
function of grain size. Also plotted is the wetght percent carbon 
in solution. The minimum carbon level is about 1.00%, consistent 
with an alloy composition that would be expected 
martensite in the plate morphology. 
13 
• to contain only 
Figure 9 shows transmission electron micrographs_of the 
.carbides and fine struc~ure of. the martensite in a specimen with an 
'I . 
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austenitic grain size of ASTM 9. The carbides have planar inter-
.................... ,,., ....... . 
faces with the matrix and _range up to 0.7 microns in their largest 
dimension. The reduced amount of carbon in solution in the austenite 
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with the undissolved carbides would be expected to lower the 
austenite stability, raise Ms temperature, and result in smaller 
amounts of retained austenite at room temperature. Figure 10 shows 
that retained austenite did not decrease as the austenite·grain 
' 
size and carbon in solution decreased, and in fact increased some-
what. Apparently the reduced austenitic grain size has offset the 
effects of lower dissolved carbon in reducing the stability of the 
19 
austenite in the fine-grained specimens. Pati and Cohen have 
shown that apparent stabilization of austenite may occur in fine 
grained Fe-Ni-Mn alloys, which undergo an isothermal martensite 
transformation, because a larger number of nucleation events are 
required to generate a given volume of martensite. Leslie and 
24 
Miller have investigated the stabilization of austenite in fine 
grained Fe-Ni-C alloys. Their results show that closely spaced 
bqundaries, i.e., high angle grain boundaries, or twin boundaries, 
stabilize austenite by preventing growth of the martensite plates 
after nucleation. The observation of a slightly increasing percent 
. ) 
retained austenite with decreasing grain size made in the present 
, 
investigation is in good agreement with the findings of Leslie and 
I' 
Miller. / . Both the prior austenite grain boundaries and the undis-
solved carbides may act as barriers to martensite_ plate growth. 
B. .Microcrack~~g 
Figures 5 through 7, in addition to characterizing the, 
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also show the distributions of microcracks that correspond to the 
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three conditions •. Careful examination of the micrographs shows 
that the microcracks could be classified into two groups with 
respect to the austenitic grain structure. Some microcracks form 
along the austenite grain boundaries, • 1.e., intergranular micro-
cracks, while many others form in the martensite plates within the 
prior austenite grains, i.e., intragranular microcracks. To date 
100st investigations of martensitic microcracking have dealt with 
I 
only the intragranular microcracks and/or have not differentiated 
' between the inter and intragranular microcracking. Hyspecka and 
21,22 
Mazanec, however have emphasized that the impact of large 
martensite plates on austenite grain and twin boundaries can pro-
duce microcracking, and have shown examples of such grain boundary 
.. . 
microcracks in Fe-Ni-C alloys. Our discussion of microcracking 
and grain size will first cover only the intragranular cracks and 
, t~ep. discuss inter and intragranular microcracking as a function 
of grain size. 
Figure 11 shows the variation of the martensitic micro-
cracking within the prior austenitic grains with austeni te grain 
size. The amount of microcracking approaches a maximum for coarse 
grain sizes ·around ASTM 3 and 4 and decreases rapidly with decreasing 
grain size. The finer grain sizes, as previously noted, contained __ ;.· 
, ....... , ......... ··-
.some undissolved carbides and therefore, lower carbon in· solution, 
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. a factor that has been shown t~ reduce microcracking Sv values for 
• • even coarse grain sizes. 
investigation with that 
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TABLE II 
Effect of Austenite Grain.Size 
on Microcracking for Constant Carbon Level . I 
J 
Weight Percent 
Carbon 
1.22 
1.22 
1.18 
1.00 
• 
•.. 
I 
/ 
Mendiratta and Sasser 
ASTM No. 
3 13.0 
3. 13.0 
), 
3 · .. '.: .9.0 
3· 4.5 
:~. 
' - -.. ...... , ·- - ..... . 
•; 
Present Investigation 
ASTM No. Sv {min-l) 
3.5 11.8 
'6·. 8.3 
·.1 7.6 
.. 
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eqµal for coarse grain structures and equivalent carbon Levels within 
experimental error. As grain size is reduced, the Sv va 1-ue for! a 
-fine grain size specimen of this investigation is signifi_cantly lower 
than _the Sv value of a coarse grain size with the same carbon level. 
I The difference in Sv becomes greater as the grain size of this in-
10 
' 
-vestigation decreases relative to that of the former. This compar-
ison taken at the same carbon levels, shows that fine austenite grain 
sizes as well as reduced carbon in solution, effectively reduce 
· microcracking in plate martens ite micros tructures. 
Figure 12 shows the variation of both intragran.ular Sv 
and to~t Sv values with aus tenite grain size. As the prior austen-
itic grain size decreases, the total amount of microcracking decreases 
significantly, but a much larger proportion of the microc. racking 
occurs at the grain boundaries. Figure 13 shows that large marten-
site plates are ·very often associated with the grain boundary micro-
21, 22 
cracks, an observation cons is tent with that of Hyspecka and Mazanec. 
It is likely, but could not be directly determined from 1- ight micros-
copy, that martensite is present in the adjacent grain d:i.rectly op-
posite the point of impingement of' a l~rge martensite plate, and 
hence the grain boundary crack may represent a microcrack. between two 
• -
martens ite interfaces. The explanation for the much high.et propor-: · 
tion of grain boundary cracks in the fine-grained spe_~ime ns may be. 
., 
-
· d~e to the fact that only the first or priµ-iary plates that span a 
grain are large enough to develop strains that open up m:Lcrocracks • 
The ~maller plates that form a11d impinge on 9ther plates in the fine· 
. . . 
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grained partitioned austenite ofia partially transformed microstruc-
, . 
ture apparently are much less effective in producing intragranular 
microcracks. 
As the grain size is increased, the grain boundary area 
is reduced, more of the secondary martensite plates are capable of 
causing intragranular cracking on impingement, and the proportion 
of total Sv resulting from grain boundary_microcracks begins to de-
• 
crease. The two curves approach each other as the austenite grain 
size becomes increasingly coarse, ASTM 3.5. In the limit, the two 
curves would join if a single crystal aus~enite could be produced. 
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II •. 52100 Alloy 
·, 
A. Microstructural Characterization 
Austenitization of the 52100 specimens required higher 
tempe'r_atures and/or longer heat. treating times than those employed 
!or the Fe-1.22C specimens to produce the range of homogeneous grain 
sizes shown i~ Figures 14 through 18. One microstructure of each 
set was again etched to show the austenite grain boundaries, and the 
other microstructure was etched to reveal the martensite. structure 
and retained austenite. 
The finest grain size specimens, ASTM 10 and 11.5, con-
tained 2.6 + 0.7 and 6.2 + 1.0 volume percent undissolved carbides, 
- -
· ,, 23 
. 
respectively. Staining the specimens in boiling sodium picrate 
for 5 minutes revealed Fe3c particles throughout the microstructures 
as shown in Figures 17 and 18, while etching the specimens in a 
b~iling solution of 10 g potassium ferricyanide, 7 g sodium hydroxide 
23 
revealed little if any chromium carbide. 
Analysis ·of electron diffrac·tion patter·ns such as Figure 
19a confirmed that the carbide particles were primarily Fe3c. These 
I 
iron carbides ranged up to 2.5 microns in their largest dimension. 
Figures 17a and 18a are light micrographs that show that the coarser 
-
·Fe3c particle·s lie primarily a long the austenite grain boundaries, 
,·. 
... 
' 
-- ·-· ·.;_ .. ':•.w,-·""·.·' .' . 
and Figure 19b, a transmission ·electron micrograph, shows a Fe3C 
particle at an austenitic grain boundary. Apparently, the coarser 
: . ' '"·· 
. Fe3C particles, which remain undissoly~_4 ____ on austenitization of the 
52100 steel between the At and Acm'are effec,tive barriers to austen- · 
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t,te grain growth, an observation that is consistent with the findings 
24-25 
of several investigators concerning the effectiv~ness of un-
. dissolved alloy ·carbides as austenitic grain growth inhibitors. Al-
though undissolved carbides were again present in the fine-grained 
specimens, transmission electron microscopy revealed the martensite 
~ 
morphology is still characteristic plate martensite, i.e., adjacent 
plates made large angles with each other, fine internal twinning was 
observed within the martensite plates,. and triangular patches of 
retained austenite separate the units of martensite. 
Figure 20 shows the variation in volume percent retained 
~ 
austenite with prior austenite grain size •. The coarsest grain sizes 
ASTM 4.5, 2.5 and 1 contained 28.0 + 1.0 volume percent retained 
26-
austenite, consistent' with Cohen, who reported 31 percent austenite 
in an Fe-1.1C-l.5Cr steel brine quenched to 77°F. The increased 
atpount of retained auetenite for grain sizes ASTM 6 and 7 may reflect 
a stabilization effect due to grain refinement or may be a result of 
slight variations in experimental procedures or degree of alloy 
26 
., 
homogenization. Cohen has also reported that austenitizing temper-
ature, alloy chemistry and cooling rate all significantly effect the 
.. ~ ····,_':'lt'-
amount of retained austenite present in various Fe-Cr-C alloys. The 
finest·· grain size specimens, ASTM 10 and 11.5 still contain 28· and 
· ·--~-~---~~.,-·~
7
,. ·- · 20 volume perc.ent retained austenite, respectively. This amount of 
. . ' 
• •, • -.1 • -
.... - .... ', . 
retained austenite in specimens containing significant amounts of un-
dissolved carbides indicate stabilization of ·austenite may be result-
•· 
., 
.... · .......... :-~.- · ... ·---~·--· . _____ .t_ng from refinement of austenitic grains as proposed by Leslie and . · 
20 
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20 
and Miller. 
B. Microcracking 
" 
"--~-
·., 
Both inter and intragranular microcracking were observed 
in the 52100 alloy as shown in Figures 14 through 18. Figure 21 
' 
shows the variation of~ intragranular microcracking with prior aus-
tenite grain .size for ASTM grain -sizes 11.5 to 1. The amount of 
microcracking was a maximum for very coarse .grain sizes ASTM No. 1 
and 2.5, and decreased rapidly with decreasing grain size. Although 
no undissolved carbides were present in grain sizes ASTM l thru 7, 
-1 intragranular Sv values decreased from 11.5 to 4.5 mn • No intra-
e granular microcracks were observed in the finest grain specimen. 
Figure 22 shows the variation of both intragranular Sv 
values and total Sv values with prior austenite grain size. The total 
amount of microcracking decreases significantly with decreasing grain 
' 
stze, while an increasingly greater proportion of the microcracks 
occur at the prior austenite grain boundaries of the finer grain 
specimens. 
As previously mentioned, the finest grain sizes, ASTM 10 
and 11.5, contained undissolved carbides and in some cases small 
. 
cracks were associated with the coarser carbide particles, as· shown 
• 
in Figure 23. The exact nature of these carbide-related microcracks'lr 
· could not be __ determined and, therefore, these ·cracks were not included 
- - r - . 27 
in the Sv values ·presented in this investigation. McMahon and .Cohen, 
however, have shown that under tensile loading of even low carbon 
iron-~arbon alloys, carbide cracking may occur due to the influence 
. . 
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of ~ensile stresses imposed on the carbides by plas~ic deformation 
of the surrounding matrix material. Similar tensile stresses may be 
imposed on the coarser grain.boundary carbides, as a result of the 
austenite to martensite phase transformation, or due to impingement 
by relatively large martensite plates. 
Although no intragranular microcracks were observed in the 
. 
finest grain size ASTM 11.5, several grain boundary microcracks not 
associated with carbides were observed and reported as the total Sv 
value. These grain boundary microcracks could, how~ver, also be 
related to carbides which lie above or below the surface investigated. 
At the coarse end of the grain size range, almost no inter-
granular microcracks were observed in .grain size AS~ 1 due to the 
• 
reduced amount of grain boundary area present in this structure. 
The variation in the proportion of total microcracks lying at the 
prior austenite grain boundaries in the 52100 alloy, is consistent 
with the exp.lanation presented for the Fe-1.22C -alloy. 
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III. Comparison and Sutmnary of Microcracking in an Fe~l.22C Alloy 
and 52100 Steel 
Figure 24 shows the variation of intr.agranular microcracking 
with prior austenite grain size for both the Fe-l.22C and 52100 
· all9ys. Both curves show t.he same general characteristics of a. 
maximum a~ount of microcracking for coarse grain sizes and a rapidly 
decreasing amount of microcracking with decreasing grain size. 
. . 
The rate of increase in microcracking decreased with increasing 
grain size for both alloys studied in this investigation consistent 
5 
with the findings of Davenport et al. The microcracking sensitiv-
ity of the Fe-l.22C alloy, however, increased more rapi.dly and 
reached a maximum value at a finer grain size than the 52100 alloy. 
The higher rate of increase in the intragranular Sv values of the 
Fe-l.22C alloy is apparently a result of the higher level of carbon 
10, 12 
in solution. It has been proposed that an increased amount of 
\ 
·carbon in solution, increases the tetragonality of the martensite, 
and subsequently increases the susceptibility of smaller martensite 
plates to microcracking. 
' 
'!be curves in Figure 24 indicate that for very fine grain 
si~es, below ASTM 9, the intragranular Sv values of the Fe-1.22C 
all~y are lower than the intragranular Sv values for the 52100 steel. 
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This tre11d is apparently due ;o. data scatter, and in ~act, in,~ra-
granular microcracking may exist in the Fe- l.22C alloy with grain 
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I· .. sizes as fine as, or finer than, those produced in the 52100 steel. 
' • ,f .: '. '_·_,.:. -
.. ' .. -, ... ,\·: ' .. ·-.- ,. 
' L ' ' • 
- • ••I 
• •' ·•-,'. I 
.... , ' 
28 
qrange has shown that a refinement of, the prior austenitic 
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grain size o·f various steels leads to an increas·e in yield strength 
., 
with no accompanying loss in ductility. Similarly, by refining the 
austenitic grain size of high carbon iron ,alloys susceptible to 
l 
microcracking, the mechanical properties of these alloys should be 
improved for sever~l reasons. One such reason, apart from micro-
cracking is the beneficial effect of reduced austenite grain size 
on the toughness and yield strength of a steel. Another reason is 
, 
the elimination of inherent flaws capable of initiating failure and 
sustaining rapid crack propagation through the microstructure of a 
martensitic steel. 
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CONCLUSIONS 
r--.' I 
I , , 
. , 
1. ·This· investigation conf'irms that the reduction of austenitic 
grain size offers a very effective means of reducing micro~ 
cracking in the plate martensite of ferrous alloys. However, 
some microcracking is still present in specimens with austen-
I 
itic grain sizes as fine as ASTM No. 's 9 and 10. 
2. Microcracks in a martensitic microstructure form at two types 
of sites: intergranularly at the prior austenitic grain 
. 
boundaries, and intragranularly at points of impingement of 
martensite plates. 
3. As the total number of microcracks decreases, the proportion 
of intergranular cracks increases with decreasing austenite 
grain size. Only intergranular cracking was observed in grain 
size ASTM 11.5. 
4, The grain boundary microcracks appear to be associated with 
the impingetm:!nt of large plates of martensite on t_he prior 
austenite grain boundaries. The largest plates of martensite 
formed in a fine-grained austenite invariably impinge on the 
' grain boundaries, and this fact together~with the reduced 
_ability of the smaller plates to form intragranular micro-
·---~----·-------·~----.. - ......... cracks on impingement wit.h other plates of martens ite, leads 
.. -~ 
'• 
' ; . 
. : ' ·~ '! • '' , ' 
•" 
', t < I,• • 
' . 
to the increased importance of intergranular cr~cking in 
, . 
specimens with fine g~ain sizes. 
S. The microctacking sensitivity of the Fe-l.22C alloy increases 
faster ·and reaches a maximum value at a finer grain size than 
25 
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for the 52100 alloy. This effect is believed to result from ., 
the increased amount of carbon in solution and hence the greater 
brittleness of the marte~~ite in the Fe-1.22C alloy. 
6 . .', In specimens with coarse austenite grain sizes, the amount of 
grain boundary microcracking begins to decrease and the total 
microcracking approaches the intragranular ~icrocracking 
plateau . 
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